Abstract: Current diagnostic criteria for headaches are based on the International Classification for Headache Disorders, second edition, which is largely built on data obtained from clinical examinations and patients' medical histories. Despite decades of vigorous basic and clinical research, we still lack reliable clinical laboratory diagnostic markers for headaches, which clearly obstructs the physician's ability to optimize and follow the patient's response to treatment protocols as well as holds back the discovery and implementation of new therapeutic modalities. In this paper, we review and discuss current efforts to identify and characterize biochemical and immunological changes in biological fluids and tissue that may be specifically associated with the etiology and/or pathophysiology of migraine and cluster headaches; we also discuss some of the recent genetic findings and ion channel modulation studies that may help to distinguish among various headache populations. Keywords: biochemical, immunological, genetic alterations, pain, enkephalin degradation kinetics, enkephalin aminopeptidase
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Diagnosis of these conditions is largely based on data obtained from clinical examination and the patient's medical history, particularly features of the associated pain, eg, location, intensity, and time pattern. A lack of valid clinical laboratory diagnostic markers clearly obstructs the physician's ability to optimize and follow the patient's response to treatment protocols, as well as holds back the discovery and implementation of new therapeutic modalities. To a significant extent, clinical laboratory research on headaches has been focused on identifying and characterizing biochemical and immunological changes in biological fluids and tissue that may be specifically associated with the etiology and/or pathophysiology of migraine and CHs. The most commonly studied samples and specimens are blood, urine, saliva, skin, cerebrospinal fluid (CSF), and smooth muscle. [3] [4] [5] Current migraine and CH research is largely directed at identifying the vulnerability to, and triggers of, these conditions; understanding the transmission of the nociceptive information; 6, 7 and elucidating the role of vascular, neural, and peripheral and/or central sensitization mechanisms for their generation. 
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Vasoactive amines and some of their metabolites
Early research was mostly directed at elucidating the role of vasoactive amines as triggers for these disorders. Initial work on histamine was soon expanded to include other endogenous amines, such as the catecholamines, serotonin, tyramine, and phenylethylamine, as well as some of their metabolites, including 3-methoxy, 4-p-hydroxyphenylacetic acid, 5-hydroxyindolacetic acid, p-hydroxyphenylacetic acid, and phenylacetic acid. [9] [10] [11] [12] Study of the enzymes responsible for amine degradation was mainly centered on the examination of platelet monoamine oxidase (MAO) activity during the various phases of migraine and CHs. The human platelet enzyme is known to play a nonspecific "scavenger" role in the metabolism of circulating type B, but not type A, substrates. For example, it degrades tyramine, phenylethylamine, and dopamine but does not metabolize serotonin to any significant extent. [13] [14] [15] [16] This line of research has been relatively unsuccessful in providing the hoped for biological markers that could be used in the clinical diagnoses of migraine and CHs; however, it has offered the theoretical framework to discuss the mechanism of action of some of the drugs most widely used for the acute and prophylactic treatment of migraine and CHs. 17 It is widely recognized that a blend of extraordinarily perceptive clinical observations started by Graham and Wolff 2 and basic research ranging from classical tissue-response studies to the molecular characterization and cloning of various serotonin receptors has led to a better understanding of the mechanism of action of a number of drugs used in the treatment of migraine and CHs. 5 This new and evolving knowledge also holds the promise for the rational design of new, more specific pharmacotherapeutic treatments for these illnesses. However, and as a cautionary observation, we do not have unequivocal support for the notion that there is an association between alterations in plasma vasoactive monoamine levels and the occurrence of migraine headaches. 5, 14, 16 Other vasoactive substances
The role of vasoactive substances other than monoamines, such as different peptides and nitric oxide, 18 in the etiology of headaches and accompanying pain has been the subject of numerous studies yielding rather contradictory results. Ongoing research on the development of specific receptor ligands and/or blockers for these substances may lead to novel therapeutic treatments for migraine. 19, 20 
Prostanoids and other inflammatory mediators
Despite extensive research and abundant literature, the precise role of inflammation in the pathophysiology of migraine and CHs, particularly the associated pain, remains elusive. A metaanalysis of current literature indicates that the inflammatory processes possibly involved in these headaches are not likely to be of immune origin. 21 Specifically, the role of changes in the circulating levels of endogenous proinflammatory agents (eg, kinins, prostaglandings, and cytokines) is being studied. Preliminary results indicate that novel antinociceptive agents that are able to modulate G protein-coupled receptors' response to these chemicals are being developed.
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Some enzymatic systems and substrates involved in the arachidonic acid pathway Efforts to elucidate the involvement of arachidonic acid metabolites, particularly those active in lipoxygenase pathways, in the pathogenesis of migraines and CHs have yielded some interesting, albeit preliminary, results. 23 Plasma levels of leukotriene B4, a potent proinflammatory mediator produced in part by polymorphonuclear leukocytes, have been reported to be significantly increased during an acute CH episode. No changes in this substance were found in migraineurs, either during an acute episode or when the patient was "pain-free". 24 Further research in this area ought to be encouraged, as these substances (eg, leukotrienes) play an important role in inflammatory and allergic processes. It is suggested that these substances may influence the changes in platelet aggregability associated with the different phases of classical migraine. 25 
Psychoendocrinological studies
Recent dramatic and continuing advances in psychoneuroendocrinology have encouraged exploration of the rather inclusive hypothesis that alterations in hormonal levels might be associated with the pathogenesis of migraine and CHs. 26 However, neither the measurement of the circulating concentration of a variety of hormones and hormone-stimulating and -releasing factors (eg, testosterone, prolactin, cortisol, growth hormone, thyroid hormone, thyroid stimulating, and releasing hormone) nor the results from a number of openfield, adrenal-hypothalamic-pituitary challenge tests have produced unequivocal data to support such a hypothesis. Nevertheless, research in this area continues to attract the interest of investigators trying to explain the findings of
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Biological correlates of migraine and cluster headaches increased male vulnerability to CHs and the increasing body of evidence linking biochemical changes associated with pregnancy, stress, and menstruation on the occurrence and severity of migraine headaches. 3, 26, 27 The variables of this research, in both the clinical and laboratory sense, make clear the need for a large-scale multicenter study to provide definitive data on the possible relationship between endocrinological changes and the pathophysiology of migraine and CHs. Alterations in sex hormones have been shown to affect peripheral and central pain-processing mechanisms. Thus, such changes may modulate migraine-associated pain. 28 
Immunological studies and viral studies
Attempts to implicate viral infections in the etiology of certain headaches have met with little success. Based mostly on a series of isolated, largely nonreplicated, observations, it has been suggested that "the persistence and reactivation of classic viruses may be responsible for some chronic headache syndromes and their exacerbations". 29 Vanast et al reason that virus-lymphocyte contact leading to cytokine release and antibody production may ultimately produce selected inflammation, and it is this tissue damage that is responsible for the triggering of headaches. They hypothesized that "chronic benign daily headaches, in particular, is an immune disorder with a viral trigger".
Several lines of research suggest an association between the occurrence of migraine and CHs and changes in a number of immune functions. 24, [30] [31] [32] [33] [34] It has been reported that migraine or related phenomena is an initial and prominent indication for the presence of antiphospholipid antibodies, a term encompassing a variety of spontaneously acquired immunoglobulins that may be seen in a number of rheumatological conditions. Based on these immunological findings, it has been suggested that the classification of these patients is a subcategory of migraine. Furthermore, the possibility has been raised that early diagnoses of this association could be a useful clinical tool in identifying headache patients at risk for the development of other serious conditions, in particular collagen vascular diseases. 35 Examination of immunological functions in headache patients has been carried out using different research approaches. Thus, after finding that individuals suffering from migraines, chronic tension headaches, or both of these conditions have a significant decrease in the absolute number of T8 and a higher T4:T8 lymphocyte ratio, Gilman-Sachs et al suggested a relationship between "certain abnormalities in the immune system" and the cause of chronic headaches. 36 These authors also reported the failure to find significant changes in the number of cells bearing a number of other markers, such as T3, T4, T11, B1, NKH-1, 12, or M02. Giacovazzo et al 37 studied different subpopulations of T lymphocytes and monocytes (eg, Leu1, Leu2a, Leu3a, Leu7, and LeuM3), as well as antigens of the human major histocompatibility complex (eg, HLA, B, C, and DR), in episodic CH patients. During the attack phase, DR5-and DR5+ patients showed an increase in the number of LeuM3+ or Leu7+ cells, respectively. Outside of the acute episode, DR+ subjects had an increase in the number of LeuM3+ cells. Based on these findings, and similar previously reported results, the authors speculated about the possible role of some Class II antigen (HLA-DR) combinations as genetic markers for CH. However, and in a related familial study, these researchers failed to identify a particular HLA antigen or haplotype that could serve as a genetic marker for migraine. 37 Based mostly on open-field studies, circumstantial evidence, and anecdotal reports, allergic processes have been suggested as one of the many migraine and CH-precipitating factors. 38 In this proposed model, increases in the availability of histamine (a monoamine known for both its role as a chemical mediator of hypersensitivity reactions and its potent vasodilator effects) would provide the chemical link between allergy and headaches. However, neither the examination of the plasma concentration of a number of serum complement components (eg, Cl q , C3, C4, and factor B) nor the detection studies of a range of immune complexes (very small IgG to larger IgM), has provided significant differences between cluster and migraine headache patients (including some individuals suggested to suffer from food-induced allergic migraine) and controls. 39 Findings that the activity of natural killer cells (NKCs) in CH patients, either during or outside of an acute headache attack, were significantly decreased in respect of sexmatched, age-comparable controls (non-CH patients) led to the suggestion that this cellular immune function could serve as a "trait biological marker" for this condition. 37 In related experiments, Martelletti et al found that the relative increases in NKC activity in response to incubation with B-interferon were significantly higher in the CH patients than in the controls. 40 Following this experimental line, the same group reported that the generation of lymphokineactivated killer cells produced by the incubation of peripheral blood lymphocytes with recombinant interleukin (IL)-2 submit your manuscript | www.dovepress.com
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Mosnaim et al was markedly increased in cluster patients when compared with controls. 40 We failed to find statistically significant differences in baseline NKC activity between groups of migraineurs (either during or outside of a migraine attack) and sex-matched, age-comparable controls. However, preincubation of samples obtained from patients during an acute migraine episode with methionine-enkephalin (MET) or B-endorphin resulted in a significant downmodulation of NKC activity. 30, 31 Although much work is needed before a rational assessment can be made of the possible relationship between NKC activity and the occurrence of cluster and migraine headaches, it seems that variations in this immunological parameter may reflect some of the biochemical changes associated with these headaches. It has been evident for years that physically and psychologically stressful events can trigger the occurrence of headaches, but only recently have we discovered that these events can also modify the response of some cellular and humoral immune functions. However, little is known about the nature and mechanism of action of the mediators in the bidirectional interactions between the central nervous system and the immune system and which role, if any, they may have in the pathophysiology of headaches. This is a relatively new area of insight into the relationship between changes in the immune system and the occurrence of headaches.
24,30-34
Genetic studies and ion channel involved in pain modulation
It has been long recognized, mostly through familial and epidemiological studies, that hereditary factors play an important role in patients' vulnerability to migraine. 41 Thus, most of the headache genetic research has been conducted in individuals suffering from migraine or afflicted with familial hemiplegic migraine (FHM). 42 There have been relatively few genetic studies on CH patients. 43 Using different approaches, scientists have examined the prevalence of these conditions in diverse populations, followed familial and twin protocols, and looked into their molecular mechanisms and mode of inheritance. 44 Linkage analysis has identified various "migraine genes or loci" with significant mutations, including the identification of the CACNA1 A gene (located in chromosomes 19p13 of FHM patients), which has been suggested as the first "migraine gene". 43 Related work has led to the suggestion that "ion channels could play a role in migraine" and, for the purpose of further research, to consider FHM as a channelopathy. 45 Association studies, particularly with various hereditary diseases frequently seen in migraineurs, have provided evidence for a positive or suggestive relation with a significant number of genes. Genetic research in migraines and other headaches has produced a great deal of promising information, but present results can be considered only preliminary in nature, 44 reflecting the significant methodological and logistic difficulties encountered in such research.
Endogenous peptides with opioid-like activity
Although the aim of most current efforts on basic migraine and CH research continues to be the elucidation of the mechanism(s) responsible for triggering, developing, and sustaining these conditions, 5 an increasing number of studies have been directed toward a better understanding of the processes involved in the abnormal modulation of the pain response observed in these patients. 3, 27, [46] [47] [48] Knowledge in this area was greatly enhanced by the discovery in the early 1970s that widely used opioid-like pain medications such as morphine and codeine exert their analgesic effects through interactions with specific central nervous system-located postsynaptic receptors and by the subsequent isolation and identification in brain tissue of chemicals whose physiological actions at these receptors mimic those of morphine. 49 Unexpectedly, the chemical structure of the endogenous antinociceptive substances was drastically different from that of morphine (itself an alkaloid). Previous searches for "the endogenous morphine" have been focused on morphine-like chemicals, thus leading to a number of false starts in the search for the elusive endogenous morphine painkillers. The initial discovery of the relatively simple pentapeptides MET (tyr-gly-gly-phe-met) and leucine-enkephalin (LEU) (tyr-glygly-phe-leu) was rapidly followed by the isolation of at least 20 different endogenous peptides with analgesic effects. 47 There is a general, and erroneous, tendency to accept that the endorphins, dynorphins, and enkephalins present similar and rather undistinguishable biological profiles. However, these classes of endogenous peptides, derived from a distinct gene family, arise from the processing of a different parent polyprotein precursor (eg, proenkephalin, proopiomelanocortin, and prodynorphin, respectively) and show significant differences in their biochemical properties, physiological functions, and pharmacological effects. 47 The endorphins are products of the pro-ACTH gene, which is expressed in the brain and pituitary. The enkephalins are products of the pro-enkephalin gene, which is expressed in the pituitary and various other brain areas such as the spinal cord, and in large amounts in the adrenal medulla. Furthermore, the pro-dynorphin gene is expressed in a submit your manuscript | www.dovepress.com
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Biological correlates of migraine and cluster headaches number of tissues, including the brain. At the molecular level, these peptides may act upon at least five different classes of opiate receptors (mu, kappa, sigma, delta, and epsilon), and in addition to pain modulation they may have a wide variety of seemingly unconnected biological roles, including controlling thirst, hunger, and libido. 49 The role of MET in human pain modulation has been given support from longitudinal studies showing that acute migraine episodes are accompanied by significant increases in plasma MET levels, which in most cases return to "normal" values after several days to 3 weeks of the acute episode. 50 Furthermore, results from research including CH patients showed that the occurrence of an acute CH, within a cluster series, is accompanied by rapid and significant changes in plasma MET levels. Plasma peptide concentration is elevated shortly prior to an attack, returning to values similar to "normal" during the attack and falling below the range of "normal" immediately after the acute CH episode. In a typical case, blood was drawn (2:00 PM; precluster phase) from a subject who believed that an acute attack was imminent (it occurred about 90 minutes later), followed by a second at 4:00 PM (during a CH attack), and a third drawing at 6:00 PM (postcluster phase). 51 These studies, showing dramatic changes in circulating MET levels in response to migraine and CH attacks, lend support to the hypothesis that "the alterations in the neurovegetative system and anhedonia, as well as increased awareness and/or lower threshold to pain associated with the occurrence of a migraine or CH attack, are due to a failure of the opiate-peptide system to properly modulate sensitivity to pleasure and pain". 46, 47, 50, 51 If we accept the presence in these patients of a dynamic equilibrium between the building up of processes ultimately leading to pain expression and of the body response to these pathophysiological changes, it could be hypothesized that the relative changes in circulating MET levels could be viewed as modulating the outcome of this challenge. It could be suggested that the increase in plasma MET observed during an acute migraine episode was not sufficient to abort the associated pain, and one can also speculate at least in some instances that the changes in MET bioavailability could result in painless migraine or CH episodes. In these patients, the response of the enkephalins and/ or other endogenous opioids overcomes the manifestation of pain. 50, 51 Thus, one could suggest that the dramatic increase in circulating enkephalins observed during the precluster phase of a CH episode was not sufficient to abort the pain experienced during the headache attack. The levels of enkephalin appear to rise before the appearance of the full cluster attack to protect the individual from the pain. 51 Based largely on animal studies showing analgesic properties for MET and LEU, it has been suggested that blocking their degradation would lead to novel antinociceptive agents. However, in the search for such agents, most studies failed to recognize differences amongst the various animal species studied. In some species, these peptides were degraded by a combination of dipeptidyl carboxy peptidase, dipeptidyl amino peptidase, and aminopeptidase(s), but, in humans, the enkephalins are essentially completely metabolized by aminopeptidase(s). [52] [53] [54] Thus, MET incubation with human plasma, brain tissue, or CSF samples results in the rapid and essentially complete hydrolysis of the tyrosineglycine bond. No significant amounts of other MET metabolites were detected. [52] [53] [54] Therefore, studies should focus on developing effective, specific enkephalin (MET and LEU) aminopeptidases inhibitors. Following this reasoning, we have studied the effect of a significant number of agents, including over 200 clinically used drugs with widely different chemical structures and pharmacological profiles, on the rate of in vitro peptide degradation. [55] [56] [57] [58] We have identified a small number of substances with the phenothiazine molecule in their chemical structure, at least one specific serotonin reuptake inhibitor (fluvoxamine), and various small endogenous peptides able to significantly reduce the rate of plasma and brain aminopetidase MET and LEU degradation (see Figure 1) . [55] [56] [57] [58] These findings could prove useful in helping clinicians to better identify the different phases of cluster and migraine headaches. Furthermore, the relative increases in plasma peptide levels during an acute headache episode could indicate the severity of headache pain in so helping physicians to select the appropriate medication and dose. Use of aminopeptidase inhibitors to modulate MET and LEU availability could be useful in the treatment of headacheassociated pain. Whether development of such drugs could find useful pharmacological applications remains to be explored.
Neurotrophins and cytokines
Decreased brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) levels in platelets of primary, but not CH patients, has raised the suggestion that these neurotrophins could serve to differentiate migraineurs from individuals suffering from CH. 59 Findings of increased CSF's glutamate, BDNF, and NGF concentration in chronic migraineurs would indicate the involvement of these substances in the pain associated with this condition. 60 A broader study, however, failed to detect significant differences in CSF's BDNF and NGF levels, as well as ciliary and cell-line neurotrophic factor levels, between controls and patients diagnosed with either neuropathic or nociceptive pain, stressing the need for further research in this area. 61 Exploration of the possible role of cytokines, a general name covering an increasing number of regulatory proteins, eg, ILs and lymphokines, in the pathophysiology of migraine headaches has produced some interesting and sometimes conflicting, albeit preliminary, results. Thus, levels of IL-4 and IL-5, but not IL-10 or interferon-gamma, were increased during the interictal period in the plasma of migraine without aura patients. 62 Moreover, when compared with controls or pain-free migraineurs, the levels of IL-10 appear to be increased in the plasma of patients during an acute migraine episode. 63 Research on cytokines and other regulatory proteins released by cells of the immune system will hopefully provide a useful insight into the mechanism responsible for the pathogenesis of migraine and CH. 
